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Abstract The mass loss of litter mixtures is often diVer-
ent than expected based on the mass loss of the component
species. We investigated if the identity of neighbour species
aVects these litter-mixing eVects. To achieve this, we com-
pared decomposition rates in monoculture and in all possi-
ble two-species combinations of eight tree species, widely
diVering in litter chemistry, set out in two contrasting New
Zealand forest types. Litter from the mixed-species litter
bags was separated into its component species, which
allowed us to quantify the importance of litter-mixing
eVects and neighbour identity, relative to the eVects of spe-
cies identity, litter chemistry and litter incubation environ-
ment. Controlling factors on litter decomposition rate
decreased in importance in the order: species identity (litter
quality) >> forest type >> neighbour species. Species iden-
tity had the strongest inXuence on decomposition rate.
InterspeciWc diVerences in initial litter lignin concentration
explained a large proportion of the interspeciWc diVerences
in litter decomposition rate. Litter mass loss was higher and
litter-mixture eVects were stronger on the younger, more
fertile alluvial soils than on the older, less-fertile marine
terrace soils. Litter-mixture eVects only shifted percentage
mass loss within the range of 1.5%. There was no evidence
that certain litter mixtures consistently showed interactive
eVects. Contrary to common theory, adding a relatively
fast-decomposing species generally slowed down the
decomposition of the slower decomposing species in the
mixture. This study shows that: (1) species identity, litter
chemistry and forest type are quantitatively the most impor-
tant drivers of litter decomposition in a New Zealand rain
forest; (2) litter-mixture eVects—although statistically sig-
niWcant—are far less important and hardly depend on the
identity and the chemical characteristics of the neighbour
species; (3) additive eVects predominate in this ecosystem,
so that mass dynamics of the mixtures can be predicted
from the monocultures.
Keywords Litter chemistry · Nutrient transfer · 
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Introduction
Litter decomposition provides the main source of nutrients
for biological activity in almost all terrestrial ecosystems.
During the process of litter decomposition, organic macro-
molecules (i.e. dead plant material) are broken down into
nutrients in plant-available form, inorganic forms of C and
nutrients and stable organic matter (Parton et al. 2007).
This Xux of nutrients dwarfs the supply of available nutri-
ents from mineral weathering in all but the youngest soils
(Swift et al. 1979). Therefore, litter decomposition rate is
closely linked with important ecosystem attributes such as
productivity, plant species composition and food-chain
dynamics (Tenney and Waksman 1929; Melillo et al. 1982;
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480 Oecologia (2010) 162:479–489Grime et al. 1996; Aerts 1999; Cornwell et al. 2008), and
an in-depth understanding of the determinants of litter
decomposition rate will greatly contribute to understanding
the functioning of terrestrial ecosystems.
Litter decomposition rates vary greatly among climatic
zones, species and among sites of diVering nutrient status
that experience similar climatic conditions. Climate has a
direct eVect on litter decomposition due to the eVects of
temperature and moisture. However, as a result of the cli-
matic control of soil formation and nutrient cycling climate
also has an indirect eVect through the climatic impact on lit-
ter chemistry (Aerts 1997). Recently, it has been shown that
the magnitude of species-driven variation in litter decom-
position rates is much larger than previously thought and
even greater than climate-driven variation (Cornwell et al.
2008). It is well established that the chemical composition
of plant litter is the primary driver of litter decomposition
rate at the ecosystem level. In particular, the concentration
of mineral nutrients and diVerent types of structural and
defence compounds in freshly fallen litter correlate strongly
with litter decomposition rate (Cadisch and Giller 1997;
Aerts 1997). However, speciWc chemical characteristics are
only proxies for the overall species-driven controls on litter
decomposition rates. Therefore, recent studies have shown
that species identity has a higher explanatory power for lit-
ter decomposition rates than litter chemistry parameters
(e.g. Dorrepaal et al. 2005; Cornwell et al. 2008). Incuba-
tion environment is the next control on litter decomposition
rates as several studies have demonstrated that litter decom-
poses more rapidly in nutrient-rich habitats (e.g. Ostertag
and Hobbie 1999; Hobbie and Vitousek 2000; Dent et al.
2006). One of the ways soil nutrient status aVects litter
decomposition rate is by aVecting the quality of litter inputs
into the system through eVects on plant species composi-
tion and the chemical composition of the litter that is pro-
duced. Compared to more fertile soils, infertile soils not
only support diVerent plant species with generally lower
litter nutrient concentrations, but also the same species have
lower litter nutrient concentrations when grown on less
fertile soils (Richardson et al. 2005). These litter inputs of
diVerent quality aVect the decomposer community and
subsequently the rate at which litter is broken down. High-
quality litter inputs generally favour bacterial-dominated
food webs, whereas fungi become relatively more impor-
tant with decreasing quality of litter inputs. Such fungal-
based food webs are more eYcient and retentive and
thus nutrients become less available (Wardle et al. 2004;
Williamson et al. 2005). As a result, a given litter type will
generally decompose faster on nutrient-rich sites compared
to less fertile sites (Wardle et al. 2004; Dent et al. 2006).
What is less well understood is how litter of one species
responds to being mixed with that of other species. Litter
decomposition studies have very often dealt with the
decomposition of single-species litter, but most terrestrial
ecosystems contain multiple species of plants and so the lit-
ter layer comprises leaves from a number of species. As a
consequence of litter mixing, the decomposition of a given
litter type may be inXuenced by the presence of other litter
types. Mixing litter can have no eVect (additivity) or either
accelerate or decelerate decomposition. In the case that
non-additive mixing eVects occur, diVerences between
observed and expected mass loss of 20–30% are not
uncommon (Montagnini et al. 1993; Wardle et al. 1997;
Anderson and Hetherington 1999; Hoorens et al. 2003;
Gartner and Cardon 2004; Hättenschwiler et al. 2005; Ball
et al. 2008). Currently, there is consensus about the fact that
these interactions are not driven by litter species richness
by itself, but by the composition of the litter mixture, i.e.
the speciWc eVect that a species has on its ‘neighbour’
(Hättenschwiler et al. 2005; Ball et al. 2008). However, in
most studies the mixtures have not been separated by spe-
cies and no attempts have been made to quantify these
‘neighbour eVects’, so it is an open question how neighbour
identity aVects litter decomposition rates in mixtures.
Interaction eVects may be caused by chemical interac-
tions between the component litters or by changes in the
decomposition micro-environment (Hector et al. 2000;
Wardle et al. 2003; Hoorens et al. 2003; Madritch and
Cardinale 2007; Schimel and Hättenschwiler 2007; Jonsson
and Wardle 2008). Several studies found that litter mixtures
decompose faster than expected when the component spe-
cies diVer in their litter nutrient concentration (Wardle et al.
1997; Quested et al. 2002). In this case, the relatively high
amounts of nutrients in one of the litter types could aid the
decomposition of the other litter in the mixture. These
nutrients are supposedly translocated from one litter type to
another through diVusion through a water Wlm and/or
actively transported through the hyphae of fungi connecting
two diVerent litter types (McTiernan et al. 1997). Negative
interactions are also possible (e.g. Wardle et al. 1997;
Robinson et al. 1999; Hoorens et al. 2003). Such negative
interactions may occur if one of the component litter types
contains high amounts of secondary compounds, such as
phenolics. Phenolics may slow down the decomposition of
litter mixtures in several ways. Polyphenolics, such as tan-
nins, form resistant complexes with proteins (Hättenschw-
iler and Vitousek 2000). Tannins not only complex with
digestive fungal extracellular enzymes, but probably also
aVect the structural and/or enzymic proteins within the
hyphae, thus directly inhibiting microbial growth and activ-
ity (Schimel et al. 1998). Polyphenols also complex with
nutritional proteins, rendering the N unavailable to decom-
poser organisms and consequently slow down decomposi-
tion (Hättenschwiler and Vitousek 2000). Thus, if one
species in a mixture contains large amounts of phenolics,
this could slow down the decomposition of the entire litter123
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we found that interactions in litter mixtures are unrelated to
diVerences in litter chemistry (including phenolics) of the
component species. In that study, however, we did not
separate the decomposed mixtures by species, so we could
only evaluate what the overall mass loss was compared to
the expected mass loss based on decomposition of single
species. The next step to be taken is to investigate how the
identity of the neighbour species, which includes its chemi-
cal characteristics, aVects the decomposition of the compo-
nent species in the mixtures. This requires separation of the
decomposed mixtures into their component species. How-
ever, although highly desirable in this type of study
(Hättenschwiler et al. 2005), this is hardly done due to the
practical diYculties involved.
The aim of this study was twofold: (1) to quantify the
relative eVects of species identity, litter chemistry, litter
incubation environment and neighbour species on litter
mass loss rates in mixtures; and (2) to investigate if neigh-
bour identity (through speciWc litter chemistry) aVects the
litter mixture eVects. To achieve this, we compared decom-
position rates in monoculture and in all possible two-spe-
cies combinations of eight tree species, widely diVering in
litter chemistry, set out in two contrasting New Zealand
forest types that diVer enormously in soil P and in drainage
(Mark et al. 1988; Coomes et al. 2005). Litter from the
mixed-species litter bags was separated into its component
species, which allowed us to quantify the importance of
litter-mixing eVects and neighbour identity, relative to the
eVects of species identity, litter chemistry and litter incuba-
tion environment. We investigated two-species mixtures
only as we were not aiming to investigate the diversity
eVect, but only the neighbour identity eVect.
Materials and methods
Study site
The study was conducted in Waitutu forest, Fiordland
National Park, in the south-west of New Zealand’s South
Island (46.4°S, 167.2°E; Fig. 1). The average annual pre-
cipitation is high, at around 1,600–2,400 mm year¡1 (Mark
et al. 1988), and the area supports lowland temperate rain
forest. The average annual temperature is around 10°C,
with mean January and July temperatures of 12°C and 5°C,
respectively (Ward 1988). Due to the moderating inXuence
of the nearby ocean, winters are mild with infrequent snow
in the lowlands. We placed litterbags in two contrasting
forest types: ancient marine terraces created by the uplift of
ocean Xoor, and alluvial sites adjoining two rivers that
intersect these older terraces (Coomes et al. 2005). The
alluvial soils are sandy loams and clay loams that are
replenished with fresh alluvium every few years. They are
relatively rich in nutrients, and particularly in plant-avail-
able forms of PO43¡ (Coomes et al. 2005). The soil proWle
consists of a thin (»2 mm) layer of decomposing litter on
the surface beneath which is a well-aerated and structured
mineral soil. Details of the soil properties of both forest
types are given in Table 1. The terraces are poorly drained
because the slope is shallow and a gravel layer of low per-
meability lies at between 20- and 60-cm depth. These soils
Fig. 1 Map of study area in 
south-western South Island, 
New Zealand, showing a 
sequence of marine terraces and 
alluvial surfaces (adapted from 
Ward 1988). About 13 marine 
terraces have been formed by 
uplift during the Quaternary (of 
which terraces 2, 3, 4 and 6 are 
identiWed), forming a chronose-
quence dating back about 
900 kyears. Streams have 
dissected the marine terraces and 
deposited alluvial surfaces; the 
youngest alluvial surfaces 
border the rivers shown. Filled 
circles indicate the position of 
eight litter incubation sites in the 
terrace forest type (T1–8), and 
open circles indicate the loca-
tions of eight litter incubation 
sites in the alluvial forest type 
(A1–8)123
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growth rates than the alluvial soils. The alluvial and terrace
forests share many of the same tree species, but diVer
hugely in composition and structure. In brief, the more fer-
tile alluvial forests are dominated by tall angiosperm trees
and contain a diverse assemblage of short angiosperm trees
that form a subcanopy. The understory is dominated by tree
ferns (Cyathea smithii and Dicksonia squarrosa) and the
forest Xoor is dense with crown ferns (Blechnum discolor).
In contrast the less fertile terrace forests are co-dominated
by angiosperm and conifer trees, with both fewer subcan-
opy trees and understory ferns (Mark et al. 1988; Coomes
et al. 2005).
Litter decomposition experiment
In December we collected recently fallen leaves from the
forest Xoor of the terrace forest. Litter from the following
tree species was collected: Podocarpus hallii, Dacrydium
cupressinum (conifers in the Podocarpaceae); Griselinia lit-
toralis, Pseudopanax simplex, Pseudowintera colorata
(large-leaved subcanopy angiosperms); Nothofagus menzi-
esii, Metrosideros umbellata, and Weinmannia racemosa
(small-leaved canopy angiosperms) all of which are found
in both forest types. Freshly fallen litter was collected from
a single site (the marine-terrace forest). Litter was initially
air dried in the Weld immediately after collection and fur-
ther air-dried upon arrival in the lab. A detailed description
of the chemical characteristics of these litter types can be
found in Table 2.
Litterbags were made from plastic insect screen with
§1-mm mesh size. Each bag was Wlled with about 1.0 g of
air-dried leaf litter, weighed to the nearest milligram, of
either a single species or a 50–50 mixture of each of the 28
possible two-species combinations. We restrained our-
selves to two-species mixtures only, as we were interested
in compositional eVects (neighbour identity) and not in
diversity eVects. For every species and litter mixture, 32 lit-
terbags were prepared: 8 replicates £ 2 forest types £ 2
retrieval dates. Subsamples of litter from each species were
retained for the determination of initial chemical composi-
tion of the litter, as well as determination of air- to oven-dry
ratio. For each forest type, litterbags were incubated in
eight replicate plots that were several hundred metres apart
(Fig. 1). These plots thus contained two sets of litterbags of
all single species and mixtures, one set for each of the two
retrievals. Litterbags were placed on the forest Xoor in a
random arrangement on top of the litter layer and held in
place by metal pins. On the alluvial sites, the plots were
Table 1 Description of soil properties of the two forest types [source:
Coomes et al. (2005)]
Alluvial forest Terrace forest
General soil properties
pH 4.92 § 0.04 3.91 § 0.01
Total C (g m¡2) 6,563 § 249 11,757 § 357
F/H layer depth (cm) 0.24 § 0.24 9.30 § 1.61
Water in F/H layer (g g¡1) 237 § 24 412 § 15
N
N mineralization (g m¡2) 2.03 § 0.33 1.15 § 0.10
Total N (g m¡2) 286 § 10 307 § 8
C:N ratio 24 § 1 39 § 1
P
Acid-digested P (g m¡2) 48 § 1 0.97 § 0.01
Total P (g m¡2) 87 § 8 11 § 0
C:P ratio 75 § 24 1,031 § 43
Organic:total P ratio 0.57 § 0.04 0.92 § 0.00
N:P ratio 5.7 § 0.8 28.5 § 0.8
Table 2 Chemical characteristics of the litter of species used in the experiment
The analyses were performed in triplicate on bulk samples with an analytical error of less than 5%
Species name Acronym N (mg g¡1) P (mg g¡1) Cellulose 
(%)
Lignin (%) Total 
phenols (%)
Tannins 
(%)
Condensed 
tannins (%)
Conifers (Podocarpaceae)
Podocarpus hallii Podhal 7.7 0.390 24.0 24.6 8.8 7.0 0.7
Dacrydium cupressinum Daccup 8.2 0.338 22.8 33.6 3.0 1.4 0.2
Large-leaved angiosperms
Griselinia littoralis Grilit 6.0 0.253 16.6 12.6 2.0 0.4 0.0
Pseudopanax simplex Psesim 5.3 0.266 12.4 15.8 3.4 0.8 0.2
Pseudowintera colorata Psecol 2.1 0.653 14.8 29.7 5.1 3.3 2.6
Small-leaved angiosperms
Nothofagus menziesii Notmen 7.1 0.364 20.6 26.4 7.2 5.4 2.8
Metrosideros umbellata Metumb 3.2 0.095 18.2 15.2 35.9 31.3 5.9
Weinmannia racemosa Weirac 5.0 0.207 16.0 19.2 38.3 34.9 7.7123
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(pigs were common at these fertile alluvial sites). Litterbags
were retrieved after 7 and 14 months and initially air-dried
in the Weld immediately after collection, and further air-
dried upon arrival in the lab. The remaining litter was then
cleaned from adhering soil and organic matter by gentle
brushing. The contents of mixed-species litterbags were
separated into the component species; given the strong
morphological and structural diVerences among the species,
which belonged to very diVerent species groups (Table 2),
this was relatively easy. Leaf structure remained relatively
stable over time and the mass loss of the non-conifers
mainly occurred from the tissues in between the veins in the
leaves, which made the species recognizable even after
14 months of decomposition. Litter was oven-dried (¸48 h,
80°C) and weighed.
Chemical analyses
Concentrations of C and N were determined by dry com-
bustion on a Perkin Elmer 2400 CHNS analyser, while
concentrations of P were determined colorimetrically using
the ammonium molybdate method, after acid digestion
(Murphy and Riley 1962). Cellulose and lignin concentra-
tion were determined using the acid-detergent Wbre
procedure (Rowland and Roberts 1994). Phenolics were
extracted using repeated sonication in a 70% acetone solu-
tion. Total phenolics concentration in the litter was deter-
mined by means of the Folin–Ciocalteu method (Waterman
and Mole 1994) using tannic acid as a standard. After
extraction, total phenolics concentration was determined
colorimetrically by using the Folin–Ciocalteu reagent and
aqueous NaCO3¡. Initial litter tannin concentration was
measured by adding polyvinylpyrrolidone after extraction
to bind tannins. After centrifuging, the supernatant (now
only containing, other than tannins, simple phenolics), was
analysed with the abovementioned Folin–Ciocalteu method
and tannin concentration was calculated. Condensed tannin
concentration (% in dry matter) was expressed as leucocy-
anidin equivalent after adding butanol–HCl and ferric
reagents after extraction, and measuring absorbance at
550 nm (Porter et al. 1986; Makkar 1994).
Calculations and statistical analysis
Litter mass loss, expressed as a percentage of the initial lit-
ter dry weight, was calculated for both incubation periods
(0–7 and 0–14 months). A small percentage of the litter-
bags were never recovered (5.3%) and these are treated as
missing values.
The contents of the mixed-species litterbags were sepa-
rated into their component species. For each component we
recorded its species identity, the identity of the neighbour
species and the forest type in which the litterbag had been
incubated. ANOVAs were conducted using the linear mod-
elling function (lm) in R statistics software (R foundation
2006). This procedure allowed us to test whether the
decomposition of a species was signiWcantly aVected by its
identity (Species), the forest type in which the litterbag had
been incubated (Forest), and the identity of the other spe-
cies in the mixture (Other species). Separate models were
run for the 0- to 7-month and 0- to 14-month incubation
periods. The models included all interactions terms involv-
ing these factors, as well as a term which incorporated the
variability among replicates within each forest type
(a blocking term). This approach allowed us to express the
relative importance of each factor as its sum of squares as a
proportion of the total sum of squares (r2).
The residuals were approximately normal in distribution,
conWrming that ANOVA was a suitable approach. We also
calculated the percentage litter mass loss for the second
period of the incubation (i.e. 7–14 months); however, the
residuals of models including this data were found to devi-
ate substantially from a normal distribution, so ANOVAs
are not reported here.
It was possible to calculate the eVect of species on the
rate of decomposition of the other species in the litter bags
due to the fact that all species are present both as target
species and as ‘other’ species. First, we calculated the
mean % mass loss after 14 months for each target species
in the presence of each other species in the litter bags.
These values would be equal for each species if the other
species had no eVect on decomposition. Next, these means
were subtracted from the values observed for each species.
The rationale behind this is that if the other species had no
eVect on the target species, or idiosyncratic eVects (accel-
erating some target species and slowing down others), then
the calculated value would be zero. If the species tended to
accelerate the decomposition of the target species then the
eVect would be a greater than zero loss rate, whereas if the
species tended to decelerate the decomposition of the tar-
get species then the eVect would be a less than zero loss
rate.
Results
The average amount of litter loss in the Wrst 7 months was
33%, compared with 18% of the remaining litter in the fol-
lowing 7 months (Fig. 2a). Therefore, there was an appre-
ciable slowing of decomposition rate over time, even
though the Wrst 7 months included the winter months and
the latter 7 months included the summer months, in which
warmer temperatures should have contributed to faster
decomposition rates. After 7 months of incubation, litter
mass loss was signiWcantly inXuenced by just two factors:123
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at P < 0.001; Table 3). However, after 14 months of incu-
bation, four factors signiWcantly inXuenced mass loss: Spe-
cies, Forest type and the identity of the other species (Other
species) in the mixture, and the Species £ Forest interac-
tion (signiWcant at P < 0.05, see Table 3). Collectively
these terms explained 85% and 83% of the total variance in
mass loss after 7 and 14 months respectively. The signiW-
cant variables are now described in more detail, starting
with those factors with the greatest explanatory power.
Species identity had by far the strongest inXuence on
decomposition rate (Table 3; Fig. 2a, b). When averaged
across all replicates and forest types, litter decomposition
rates diVered more than two-fold among species. Only 30%
of D. cuppressinum litter and 36% of M. umbellata litter
had been lost after 14 months, compared with a loss of 66%
of G. littoralis and 63% of P. simplex litter. The litter mass
loss of the other species was in between these extremes.
Only lignin content correlated signiWcantly with % litter
mass loss (7 months, r = ¡0.74, P = 0.04; 14 months,
r = ¡0.74, P = 0.03). Thus, species containing greater con-
centrations of lignin were slower to decompose. Neither the
concentrations of N or P in the leaf litter, nor the concentra-
tions of secondary compounds other than lignin had any
discernable eVect on decomposition rate (P > 0.20 in all
cases). There was much greater variability among species
in the Wrst period (17–58% compared with 14–25%; see
Fig. 2a). This suggests that much of the easily decompos-
able material was lost during the Wrst 7 months from the
less-ligniWed species, whereas in the second period the
remaining tissues were similarly recalcitrant across all spe-
cies. Decomposition rates in the Wrst and second periods
were uncorrelated (r = 0.17, P = 0.96).
Fig. 2 Average (§1 SEM) percent mass loss of eight species of New
Zealand trees a 0–7 months (open bars) and 7–14 months (dotted
bars) after the start of the experiment, b for bags placed in alluvial
(open bars) versus terrace (Wlled bars) forests (after 14 months of
decomposition), and c eVects of target species on the rate of decompo-
sition of other species in bag, for alluvial (open bars) and terrace
(Wlled bars) forests (after 14 months of decomposition). See Table 2
for abbreviations of the species names
Table 3 ANOVA indicating the statistical signiWcance of factors that inXuence decomposition of leaf litter in litter mixtures
The explanatory variables were the identity of the species measured (Species), the forest type (Forest), the identity of the other species in the mix-
ture (Other species), and a blocking term reXecting the hierarchical sampling design. Statistically signiWcant eVects are shown in bold. The relative
importance of a factor is expressed as its sum of squares as a proportion of the total sum of squares (r2)
a DiVerent df for the two incubation periods because the numbers of bags not recovered from the Weld diVered between collections
df After 7 months of incubation After 14 months of incubation
MS F P r2 MS F P r2
Species (S) 7 25,028 1,002.3 <0.00001 0.860 20,321 481.2 <0.0001 0.670
Forest type (F) 1 3,650 146.1 <0.00001 0.018 19,851 470.1 <0.0001 0.094
Other species (O) 7 41 1.6 0.1203 0.001 231 5.5 <0.0001 0.008
S £ F 7 25 1.0 0.4283 0.001 131 3.1 0.003 0.004
S £ O 49 31 1.2 0.1370 0.007 54 1.3 0.099 0.012
O £ F 7 33 1.3 0.2460 0.001 55 1.3 0.25 0.002
S £ O £ F 49 32 1.2 0.0921 0.008 48 1.1 0.25 0.011
Blocking term 14 69 2.76 0.0005 0.005 428 10.1 <0.0001 0.028
Residualsa 808/858 25 42123
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after species identity, was the forest type in which the bags
were incubated (Table 3). The inXuence of forest type was
much smaller than the eVect of species: by the end of the
Wrst incubation period the mean litter loss on the alluvial
and terrace sites diVered by only 3.9% but by the end of the
second period this diVerence had risen to 10.3%. Consis-
tently slower decomposition rates were observed in the
nutrient-poor site than in the nutrient-rich site for all
species (Fig. 2b). There was signiWcant variation among
species in their response to forest type by 14 months of
incubation (the Species £ Forest interaction in Table 3) but
these diVerences in response did not relate to any of the
litter traits we measured.
The least important inXuence on decomposition rate was
the identity of the other species in the mixture (Table 3).
The eVects of the other species were relatively small,
shifting the percent biomass loss by no more than 1.5% on
average over 14 months (Fig. 2c). However, the error bars
in this Wgure are relatively large, indicating that the eVects
of neighbour species can be larger in individual cases.
There was no evidence of signiWcant speciWc pairwise
interactions among species (shown by the non signiWcant
Species £ Other species eVect; Table 3). Rather, a species
either accelerated or decelerated decomposition of the other
species with which it was mixed at a rate that was irrespec-
tive of the other species’ identity. This is illustrated for
instance by both G. littoralis and P. simplex, the species
that decomposed signiWcantly faster in single-species litter
bags than all the other species (Fig. 2). After 7 months of
incubation at the alluvial site, G. littoralis litter did not
accelerate the decomposition of the other species it was
mixed with (except W. racemosa; data not shown). Instead,
G. littoralis litter itself decomposed faster when mixed with
most of the other litter types. P. simplex, the other fast
decomposing species, contrary to expectation, did not
accelerate the decomposition of any of its neighbour spe-
cies either, but decreased the mass loss of both P. colorata
and N. menziesii litter. There were less interactions after
7 months in the marine terrace forest: only the two
podocarp species decomposed signiWcantly slower than
expected when both were mixed with M. umbellata. After
14 months of incubation there were only signiWcant posi-
tive interactions (higher mass loss) at both the alluvial and
intermediate forests, except for a negative eVect of P. hallii
on mass loss of D. cupressinum. In both forest types G. lit-
toralis showed a similar, albeit less pronounced, pattern as
at the alluvial site after 7 months, i.e. more mass loss than
expected when mixed with many of the other species.
Additionally, after 14 months of incubation P. simplex
showed a more or less similar pattern to G. littoralis in both
forest types. Furthermore, W. racemosa litter lost more
mass when mixed with N. menziesii.
Thus, there is some evidence that species that acceler-
ated the decomposition rate of other species were those that
decomposed slowly themselves, whereas species that decel-
erated the decomposition rate tended to have an inherently
fast rate of decomposition. This relationship was found to
be signiWcant on the terrace sites, but not on the alluvial
sites (Fig. 3). However, the absolute eVects were very
small.
Discussion
Species identity, litter quality and litter decomposition
As we separated the individual species in the mixtures and
used a new statistical analysis technique, we were able to
demonstrate quantitatively that species identity was by
far the strongest determinant of leaf litter decomposition
rate compared to the other factors that we investigated
(Table 3). Although a very large part of the species-speciWc
diVerences in litter decomposition rate could be explained
by interspeciWc diVerences in initial litter lignin concentra-
tion, this implies that species identity also contains a sig-
niWcant amount of unique information (cf. Dorrepaal et al.
2005; Cornwell et al. 2008). Species identity encompasses
a wide array of not only chemical characteristics of the lit-
ter (e.g. initial litter C, N, P, phenolics, lignin concentra-
tion), but also physical litter characteristics (e.g. toughness,
structure, wax layers) that do not necessarily correlate with
Fig. 3 Relationship between the % litter loss in the period 0–14
months of incubation for eight New Zealand tree species, and the inXu-
ence that the species has on the decomposition of other species when
placed in a mixture with them (Wlled circles denote alluvial sites,
r = ¡0.39, P = 0.33; open circles denote terrace sites, r = ¡0.73,
P = 0.04, with regression line shown; MA regression; Warton et al.
2006)). Positive numbers on the y-axis correspond with accelerated
loss rates123
486 Oecologia (2010) 162:479–489each other. The rate at which litter is broken down might be
inXuenced by several of these parameters simultaneously
and each species has a unique combination of all the traits
that determine litter decomposition. Therefore, it is not sur-
prising that focusing on one or a few litter chemistry
parameters does not always result in a good correlation
with litter decomposability. In our study, however, inter-
speciWc diVerences in a single litter chemistry parameter
could explain a very large part of the interspeciWc diVer-
ences in litter mass loss, which is comparable to results
from e.g. Melillo et al. (1982), Hobbie (1996) and Aerts
et al. (2003).
Over the entire duration of our study, interspeciWc diVer-
ences in litter mass loss were strongly correlated with initial
litter lignin concentration. This is somewhat contrary to the
widely accepted view that initial litter nutrient concentra-
tion is the main factor regulating litter decomposition, espe-
cially during the initial stages (cf. Aerts 1997). For
example, Berg and Staaf (1980) found that initial litter
nutrient concentration correlated with mass loss during the
earlier stages of decomposition, whereas litter lignin con-
centration was important in the later stages. Hobbie and
Vitousek (2000) argue that the fact that numerous studies
showed little to no eVect of N fertilisation on decomposi-
tion suggests that limitation by C quality instead of nutri-
ents may occur much more frequently than commonly
assumed. This is further illustrated in a study by Hobbie
(2000), where she found that in an Hawaiian montane for-
est, N fertilisation increased the decomposition of litter
containing a low proportion of lignin (<12% lignin) in Met-
rosideros polymorpha litter, more than that with a high pro-
portion of lignin (>18% lignin). From these results, it was
concluded that decomposers were limited by substrate C
quality. The initial lignin concentration of the litter in our
study mostly ranges from 12 to 24%. Therefore, it is likely
that decomposers may have been limited by the poor C
quality of the litter in our study.
Forest type
Average litter mass loss was higher on the younger, more
fertile alluvial soils than on the older, less fertile marine ter-
race soils. Similar results have been reported for a number
of chronosequences, where litter decomposition rate also
declined with increasing soil age and decreasing soil fertil-
ity (Crews et al. 1995; Hobbie and Vitousek 2000; Wardle
et al. 2004; Jonsson and Wardle 2008). This is most likely
driven by diVerences in the activity and composition of the
decomposer community at the diVerent terraces. Other
studies at the Waitutu marine terrace sequence found that,
with increasing soil age (expressed on a soil C basis), there
was a decline in microbial biomass and activity as well as a
shift from bacterial- to fungal-based soil food webs
(Williamson et al. 2005). A smaller and less active micro-
bial community could account for the observed decline in
litter decomposition rate. Additionally, a shift towards fun-
gal-based soil food webs with increasing soil age results in
increasingly closed and more retentive nutrients cycles
(Williamson et al. 2005; Jonsson and Wardle 2008), which
might contribute to a lower litter decomposition rate.
Decomposition in litter mixtures
Litter-mixture eVects were the third most signiWcant factor
inXuencing litter mass loss in our study. However, these
eVects were relatively small, and only shifted percentage
mass loss over 14 months within the range of 1.5% com-
pared to the expected mass loss based upon decomposition
of monospeciWc litter. Thus, additive eVects predominate in
this ecosystem, so that mass dynamics of the mixtures can
largely be predicted from the monocultures. A similar result
was found by Ball et al. (2008) in a litter bag study with
leaves of four deciduous tree species.
It has been proposed that litter-mixture eVects are caused
by diVerences in litter quality between the component spe-
cies of a mixture or by eVects on the micro-environment,
notably moisture availability (Hector et al. 2000; Wardle
et al. 2003; Hoorens et al. 2003; Schimel and Hättenschwiler
2007). As moisture is in ample supply in the rain forest sys-
tem that we studied, we will concentrate on the chemical
components of possible mixture eVects. These chemical
eVects might be caused by the fact that resources from one
litter type prime the microbial community to break down
more recalcitrant litter, or inhibiting compounds from one
litter type slow down the decomposition of the entire mix-
ture (see e.g. Hättenschwiler et al. 2005). If these mecha-
nisms are indeed responsible for litter-mixture eVects (but
see Hoorens et al. 2003) the relatively weak litter-mixture
eVects in our study might be explained by the fact that litter
mass loss was strongly correlated with initial litter lignin
concentration instead of initial litter nutrient content.
As we used only two-species mixtures in this study and
as we were able to quantify the neighbour eVects directly
by separating the species, we can identify which chemical
factors might play a role in these interactions. We found
that the interactions were most frequent at the alluvial site,
which supports the Wndings of Jonsson and Wardle (2008)
that litter interactions depend on the biotic and abiotic
characteristics of an ecosystem. The litters that we used
varied widely in their chemical constituents (Table 2). Thus,
there was a signiWcant potential for chemical interactions
among diVerent species (cf. Hoorens et al. 2003; Schimel
and Hättenschwiler 2007). Nevertheless, such interactions
hardly seemed to occur and if so, the overall eVect was very
weak. However, the large error bars in Fig. 2c already show
that there was high interspeciWc variation in the neighbour123
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in Fig. 3. It appears that only a few neighbour species had
a statistically signiWcant eVect on decomposition of the
‘target’ species, as supported by the lack of a signiWcant
Species £ Other species interaction. However, we found
that when a relatively fast-decomposing species was added,
this generally slowed down the decomposition of a mixture.
This is in disagreement with Hättenschwiler and Gasser
(2005), who stated that decomposition of relatively recalci-
trant species is accelerated when other species are present,
but accompanying species are of limited importance for
changing the mass loss of more rapidly decomposing species.
What might be the cause of these unexpected patterns?
The crucial species here are G. littoralis and P. simplex,
both fast decomposing large-leaved angiosperms (Fig. 2a).
Both species have a low total concentration of structural
compounds (cellulose, lignin, total phenols; Table 2), but
not the highest N concentrations of the eight species that we
studied. Contrary to expectation, based on the decomposi-
tion rates, Griselinia litter did not accelerate the decompo-
sition of the other species it was mixed with (except W.
racemosa). Instead, Griselinia litter itself decomposed
faster when mixed with most of the other litter types. Con-
trary to expectation, Pseudopanax did not accelerate the
decomposition of any of its neighbour species, but actually
decreased the mass loss of both P. colorata and N. menzie-
sii litter.
A clue to these unexpected results might be that single-
species decomposition rates were not related to initial nutri-
ent (N and/or P) concentrations, but to the lignin content,
where the fastest decomposing species (G. littoralis and
P. simplex) had the lowest lignin content. For Griselinia it
seems that the decomposition of this relatively low-N
species increased when it decomposes with a high-N neigh-
bour, such as D. cupressinum (Table 2). This supports the
idea that high-N species speed up the decomposition of
low-N species in the mixture by transferring N to the low-N
species (cf. Schimel and Hättenschwiler 2007). However,
Griselinia also decomposed faster when mixed with P. col-
orata, an extremely low-N species (Table 2). It should be
noted, however, that this species has a very high P concen-
tration and thus might alleviate possible P limitation of
decomposition as indicated by the very high N/P mass
ratios in the litters (higher than 20 in all species, except
Pseudowintera). Nevertheless, it should be emphasized that
the decomposition rates of the single-species mixtures are
not correlated with initial N or P concentrations, so it is
questionable if these explanations are correct. The other
fast-decomposing species, Pseudopanax, decreased the
mass loss of both P. colorata and N. menziesii litter. This
could not have been caused by inhibiting compounds in
Pseudopanax litter, as both its lignin and its phenolics
concentrations are at the low end of the values found in this
study (Table 2). Such inhibiting eVects do not seem to play
an important role anyway, as we only found a negative
eVect of the presence of M. umbellata on two species in the
mixtures, whereas W. racemosa, the other species with a
very high phenolics concentrations, had no negative eVects
on the decomposition of the other species. In addition, for
both species even a positive eVect on the decomposition of
G. littoralis was observed.
Conclusion
Separating the components of the mixed-species litterbags
and combining this with a new statistical approach allowed
us to quantify the importance of litter-mixing eVects and
neighbour identity, relative to the eVects of species identity,
litter chemistry and litter incubation environment. We
showed that species identity, litter chemistry and forest
type are the most important drivers of litter decomposition
in a New Zealand rain forest, and that neighbour identity
and litter-mixture eVects—although statistically signiW-
cant—are far less important. This implies that additive
eVects predominate in this ecosystem, so that mass dynam-
ics of the mixtures can be predicted from the monocultures.
The mixture eVects are more prominent in a fertile site than
in an unfertile site (cf. Jonsson and Wardle 2008). Our Wnd-
ings further support the idea that litter-mixing eVects tend
to be idiosyncratic due to the importance of eVects of indi-
vidual species in the mixture. We succeeded in quantifying
the neighbour eVects and  showed that they can not be
explained by their chemical characteristics.
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